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We report angle-resolved photoemission spectroscopy (ARPES) experiments probing deep into
the hidden order (HO) state of URu2Si2, utilizing tunable photon energies with sufficient energy
and momentum resolution to detect the near Fermi surface (FS) behavior. Our results reveal: (i)
the full itinerancy of the 5f electrons; (ii) the crucial three-dimensional (3D) k-space nature of the
FS and its critical nesting vectors, in good comparison with density-functional theory calculations,
and (iii) the existence of hot-spot lines and pairing of states at the FS, leading to FS gapping in the
HO phase.
PACS numbers: 74.25.Jb,71.18.+y,74.70.Tx,79.60.-i
The physics underlying the Hidden Order (HO) tran-
sition in URu2Si2 remains elusive after over 25 years of
intensive research [1–4]. This second-order phase transi-
tion at T0= 17.5 K is marked by a jump in specific heat
and removal of significant fraction of total entropy [1, 3],
however, with no sign of static dipolar magnetic order
except under pressure [5, 6]. The appearance of a new
5f electronic phase with apparent lack of ordered mag-
netism has given birth to the mystery of the unknown,
or ‘hidden’ order parameter, addressed so far by a few
dozens of theories (e.g., [4, 7–16]), and has recently been
proposed to occur in a wide range of materials [17].
One of the important dividing lines between different
HO theories is related to time-reversal symmetry break-
ing [9, 18, 19] as opposed to time-reversal invariance
[7, 13, 14, 20]. Either commensurate [7, 11, 14, 19, 21]
or incommensurate [9, 12, 15, 22, 23] FS renormaliza-
tion was suggested as a driver of the HO transition, with
a magnetic resonance mode [11, 24], hybridization wave
[12, 15], or orbital-density wave [25] being responsible
for the gap formation. Another dichotomy in our un-
derstanding of URu2Si2 is related to the f occupancy,
with multipolar ordering often invoked [8, 9, 13, 14, 26–
28], where the mainly localized 5f2 configuration is in
opposition to the itinerant 5f configuration and FS in-
stability models [10–12, 15, 23, 25, 29, 30]. Recent com-
parisons of theory and experiment [4, 24, 31] reveal that
the localized–itinerant division in theoretical approaches
is still very much alive. Several recent experimental ef-
forts [32–40] have revealed aspects of the HO, however,
further critical experiments are needed to distinguish be-
tween the wide me´lange of theories.
With the FS instability emerging as a likely mecha-
nism for HO, the electronic structure and FS topology
of URu2Si2 both become crucial in understanding the
HO state. Modern ARPES techniques provide a detailed
view of the hybridized bands of a strongly correlated sys-
tem, in addition to a full momentum determination of the
3D FS throughout the Brillouin zone (BZ) [41].
Since its discovery, URu2Si2 has been the subject of
photoemission investigations [38–40, 42–44]. Initially,
different ARPES experiments produced apparently con-
tradictory results: a heavy band collapsing towards the
Fermi level though the transition [38] or a heavy band de-
veloping below the Fermi level [39] or specific hot spots
forming on parts of the Fermi surface [34], with a different
value of the Fermi momentum (kF ) in each experiment.
Definitely, the 3D nature of the FS needs to be taken into
account by extending ARPES beyond one photon energy
by utilizing variable photon energies to probe the elec-
tronic structure in URu2Si2 as a function of k. Recent
investigations describe the initial attempts in reconciling
these issues [45]. However, the full 3D topology of the
FS of URu2Si2 and its reconstruction at T0 have not yet
been revealed.
In this Letter we report ARPES results, using tunable
synchrotron radiation, on high-quality single crystals of
URu2Si2. A comparison of spectra dominated by d-band
spectral weight with spectra with U 5f weight resonantly
enhanced, establishes the basic itinerant properties of the
5f electrons. Next, by utilizing detailed normal emission
ARPES, we map the Fermi surface of URu2Si2 along the
kz (perpendicular) momentum direction in high resolu-
tion, identifying nesting vectors and those parts of the
FS that are renormalized upon HO transition. The mea-
sured FS topology is compared with density-functional
theory (DFT) calculations [11, 29]. Constant photon en-
ergy (hν=51 eV) mapping clearly reveals the existence
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FIG. 1. (color online) a - b, Off- and on-resonance, respec-
tively, valence band structure near the Γ-point of URu2Si2 at
10 K with 92 eV (kz slightly below Γ) and 98 eV (kz slightly
above Γ). c, The intensity difference between on- and off-
resonance valence band structure. Blue color depicts de-
crease of spectral weight, while red denotes increased spec-
tral weight. Top panels of a - c show the integrated energy
distribution curves (EDCs) between the two gray lines.
of hot-spot lines, due to FS nesting, along multiple scat-
tering vectors that pinpoint the FS removal caused by
‘pairing’ of FS states in the HO phase.
High resolution angle-resolved photoemission measure-
ments were carried out at PGM beamline 71A of Syn-
chrotron Radiation Center, using a SCES4000 hemi-
spherical electron energy analyzer. All samples were
cleaved in situ and measured in ultra-high vacuum with
base pressure better than 4×10−11 mbar. Off- and on-
resonance spectra (hν=92 eV and 98 eV, respectively)
were measured at a low sample temperature of 10 K with
total energy resolution ∼20 meV. Wide angle Fermi-edge
band (kx-kz plane) maps were measured in the photon
energy range 14 eV to 36 eV in steps of 0.25 eV, with vary-
ing energy resolution (15–18 meV) and at a low tempera-
ture of 12 K. At sample temperatures down to 8 K, a pho-
ton energy of 51 eV with energy resolution of ∼20 meV
was chosen to probe a Fermi surface (kx-ky plane) where
kz is close to the Γ point. Complementary temperature
dependent high-resolution spectra were obtained with
a photon energy of 98 eV with an energy resolution of
∼25 meV. For all these measurements, the angular reso-
lution was 0.2◦. High quality single crystals of URu2Si2
were grown via the Czochralski technique in electrical tri-
arc and tetra-arc furnaces, followed by a 900◦C anneal in
Ar for 1 week in the presence of a Zr getter.
Figures 1a and 1b present off- and on-resonance va-
lence spectra (U 5d→5f), respectively, along the (0,0,1)
direction near the Γ point at a sample temperature of
10 K. Close to the Fermi energy (EF ), the off-resonance
spectrum (hν=92 eV) shows a density of states of non-
f orbital character. The on-resonance spectrum (hν=98
eV), with intensity of the 5f states enhanced via the 5d–
5f resonance, shows a clear gathering of the U 5f spectra
weight at the Fermi level. The two energies were chosen
to allow both the resonance and off-resonance conditions
and also to probe the FS on both sides of the Γ point.
This permits us to neglect the variations due to the 3D
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FIG. 2. (color online) Fermi surface mapping in the kx-ky
plane (kz=0) of URu2Si2 in the HO state. a - c, Constant-
energy contours of the band structure at the Fermi level, and
at 100 meV and 300 meV below Fermi level. The calculated
cross sections (light blue circles) of the paramagnetic (PM)
FS in the kz=0 plane of the simple tetragonal BZ serve as a
guide for the eyes. d, Cross section of the antiferromagnetic
(AFM) Fermi surface in the kz=0 plane. Adapted from Ref.
[24]. e, DFT band dispersions of URu2Si2 in PM and AFM
phases plotted in the st BZ. Adapted from Ref. [29].
nature of the FS and extract only the orbital character
from difference spectra. The difference plot between off-
and on-resonance spectra is shown in Fig. 1c and reveals
almost only pure 5f character. The red color near EF in-
dicates the density of dispersive and hybridized 5f bands
participating in bonding and forming the FS. Such a pic-
ture is contrary to a localized configuration, e.g. 5f2,
where the majority of the 5f -weight would be shifted
well below and away from the Fermi level. This evidence
demonstrates that the itinerant U 5f -electron model [9–
12, 15, 23, 25, 29, 30] is an appropriate starting point for
describing the HO transition.
Figure 2 shows the kx-ky cut though the FS measured
in the HO state at 12 K using a constant photon energy of
51 eV, which corresponds to a cut at the Γ point. To facil-
itate comparison with DFT calculations we have overlaid
the experimental FS mapping with calculated FS con-
tours [11, 24]. The ab initio computed FS cross-sections
are those of paramagnetic (PM) URu2Si2, folded over the
commensurate nesting vector, Q0=(0, 0, 1), i.e., folded
from the bct to the simple tetragonal (st) BZ. The reason
for choosing this representation is that it provides maxi-
mum clarity on the HO gapping. Figure 2a compares the
measured and computed FS cross-sections at EF . At the
M-point of the st BZ the presence of a “double” pocket
can be clearly seen, in agreement with the band-structure
calculations that predict here two electron pockets. The
fact that there is a double pocket verifies that in the HO
phase the FS is folded over Q0, i.e., bct lattice periodicity
is broken, as it has been predicted earlier [11] and was de-
3duced from quantum oscillation experiments [46]. At the
Γ-point there is first a small pocket, which can be seen
in both experiment and calculations. Next, around Γ a
second but weakly visible larger pocket appears. Note
that this FS sheet is actually folded from the Z-point in
the bct phase to Γ in the st phase; its presence will be-
come more clear below. The next larger FS sheets consist
of a quatrefoil entangled with a rounded rectangle. At
the intersection of the these two sheets an intriguing FS
reconstruction happens. Four half-ellipsoids in kx, ky di-
rections are present (these can be best seen at the outer
sides of the plot). However, in the (1, 1, 0) Σ directions
between the half-ellipsoids there is no intensity and hence
no FS cross-section present. This observation is consis-
tent with the prediction that it is the parts between the
half-ellipsoids that are gapped in the HO [11, 24]. Thus,
it can be concluded that the measured and computed FS
cross-sections are in good agreement. We ought to men-
tion, first, that there is a narrow intensity going streak-
wise outward from Γ in the four equivalent (1, 1, 0) di-
rections, whose origin is presently not known. Second, a
four-fold symmetry breaking was recently deduced from
torque measurements on tiny crystals, but for our large
crystals this effect is not expected to be detectable [32].
Next, we lower the binding energy to study how the FS
contours change for E<EF ; the resulting maps are given
in Figs. 2b and 2c. The “double” pockets at the M-point
disappear after E being lowered by 100 meV, indicating
that these are shallow electron pockets. The small pocket
at Γ becomes less clearly discernible, but it doesn’t disap-
pear; according to the band-structure it should disappear
at -100 meV. The larger Γ-centered sheet becomes more
expanded at -300 meV; the half-ellipsoids become weaker
and disappear. The most salient change is the appear-
ance of new intensity, already at -100 meV, extending
from Γ in the four Σ (Γ–M) directions, in the areas where
no intensity was present at EF . This intensity can be due
to a renormalized band lying below EF in the FS gapped
area, see Fig. 2e. These results suggest that there is, at
EF , no FS pocket along Σ in the HO, but for lower energy
pockets do appear at these loci. We remark, first, that
a recent investigation proposed the presence of a cage-Σ
FS at these positions [18] at the Fermi energy, but this
is not supported by our measurements. Second, as the
lifting of a degenerate band crossing along Γ-M leads to
a renormalized band that moves below EF (Fig. 2e) a
FS gapping is expected in this k-area. The down-shift of
the band, related to the HO gapping, is not too small;
our energy resolution is sufficient to detect it. This indi-
cates that the gap formed over the FS in the HO phase
is strongly anisotropic.
To examine if the sizable FS renormalization predicted
for the HO phase along (1,1,0) in the kz=0 plane [11]
indeed occurs, we show in Fig. 3 the temperature depen-
dence of momentum distribution curves (MDCs) mea-
sured with 5f -sensitive hν=98 eV. The location in k-
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FIG. 3. (color online) Temperature evolution of momentum
distribution curves (MDCs) of URu2Si2 measured near EF
along the (1,1,0) direction, taken with 98 eV photons at the
5d–5f resonance and at the Γ point. Corresponding ARPES
maps from which MDCs at EF were extracted are shown in
each panel, with high intensity areas corresponding to 5f spec-
tral density strongly enhanced by resonance. a, MDCs at 10 K
in the HO; b, MDCs in the normal state at 35 K; c, Differ-
ence spectrum showing the disappearance of intensity in HO
state at certain parts along the (1,1,0) direction, marked with
green arrows.
space is the same as for Fig. 1b, only with broader mo-
mentum range and slightly worse energy resolution, al-
lowing for temperature dependence study. The difference
spectrum of MDCs measured in the HO (at 10 K) and in
the normal state (at 35 K) is revealing. Evidently in the
HO state, density is removed near k=0.3pia . This location
corresponds to the loci of the two larger, intersecting FS
sheets in Fig. 2b, where we noted low density regions.
Since Fig. 3b shows that these regions exhibit higher den-
sities in the normal state, we can conclude that at these
locations 5f density is indeed being removed through FS
gapping at the HO transition.
We now investigate the ‘pairing’ interaction between
states at the Fermi edge, i.e., quasiparticle (QP) medi-
ated coupling of FS states. Figure 4b shows measured
Fermi-edge intensity obtained from photon energy de-
pendent normal emission in the HO state at 12 K. The
measurements were performed in a section of the high
symmetry plane spanned by kz and (1, 1, 0); the corre-
sponding kz range covers more than half a BZ and in-
cludes the bct Γ and Z points. For experimental conve-
nience, we have selected the photon energy interval from
14 eV to 36 eV; the energy resolution varies with hν be-
tween 15 and 18 meV. The second derivative of raw data
is shown in Fig. 4c. For comparison we have overlaid the
measured intensities with DFT calculated Fermi contours
of PM URu2Si2 in the bct phase (gray curves) [29]. A
schematic drawing of the 3D FS in the PM phase is shown
in Fig. 4a.
The second derivative maps are prepared and shown
in Fig. 4c to enhance the small variations in intensity
corresponding to momentum-dependent QP states. Cut
#1 shown in Fig. 4g and a hot spot in Fig. 4d correspond
to a cut through the area below the Z point where both
Fermi surfaces centered around the Z point are indicated
by hotspots, matching Fermi vectors of 0.15 A˚−1 and 0.28
A˚−1. Now reconciled, these vectors were previously seen
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FIG. 4. (color online) Normal emission ARPES study of URu2Si2 in the HO state. a, Schematic model of the 3D FS in the PM
phase. b, Experimental 3D FS map of the Fermi level intensity constructed out of 88 EF cuts along kz measured with hν=14
- 34 eV photons in 250 meV steps, in the Γ-X-Z plane indicated by black lines in a. DFT calculated Fermi contours (solid gray
lines) [24] and final state arcs for different photon energies (thin magenta lines) are indicated. The dashed-magenta lines and
dashed-black circles present the nesting vectors and hot-spots, respectively. c, Second derivation plot of the normal emission
given in b. [d-f ], Enlarged views of the hot-spot indicated in b. [g-h], Intensity cuts corresponding to the dashed-black and
dashed-green horizontal lines in c.
separately with 7eV [39] and with 29.5eV [34] photons,
respectively. In Figs. 4b, c and d the strongest, locally
enhanced QP density can be seen on the outer Fermi
sheet centered at the bct Z point. These QP densities
fit the nesting vector Q0=(0,0,1) connecting the larger,
Z-centered squarish FS sheet and the large Γ-centered
quatrefoil (Fig. 4a). This nesting vector is marked by
the vertical dashed magenta arrows in Figs. 4b and 4c.
The enhanced fragments corresponding to hot-spot areas
of increased QP density and FS gapping are shown in
Figs. 4e and 4f. A cut (#2) through the FS including 4e
location reveals a small Fermi vector of 0.13 A˚−1 given in
Fig. 4h. Note that these regions of enhanced QP intensity
(Fig. 4c) are not point-like, but rather resemble the shape
of two lines stretched vertically in the kz direction along
the contour of the Fermi surface. However, the areas
of perfect nesting appear to be more focused. Previously
hot-spot lines due to Q0-nesting have been predicted, but
these are curved, not straight [11, 29], therefore in this
high-symmetry plane only a part of the hot-spot lines
is clearly discernible. As we probe here just one of the
(1, 1, 0) directions [47], eight such lines can be expected
on the FS. The presence of the QP intensity in the nesting
loci indicates a pairing of states over Q0 on the involved
Γ- and Z-centered FS sheets.
A particularly bright QP spot is visible just above
the Z point, where DFT calculations do not predict any
FS sheet. Tentatively, we attribute this spot to a well-
TABLE I. Selection of Fermi vectors obtained from various
measurements corresponding to different values of kz.
Method hν (eV) Direction Length Reference
ARPES 21.2 (1, 0, 0) ∼0.15 (A˚−1) [38]
ARPES 21.2 (1, 1, 0) ∼0.20 (A˚−1) [38]
ARPES 7.0 (1, 0, 0) ∼0.12 (A˚−1) [39]
ARPES 7.0 (1, 1, 0) ∼0.15 (A˚−1) [39]
Tr-ARPES 29.5 (1, 1, 0) 0.28±0.04 (A˚−1) [34]
STM − (1, 0, 0) ∼0.15 (2pi/a) [16]
defined QP at k ' (0,0,1). Possibly this is the QP cou-
pling to the aforementioned nested FSs. Here an Ising-
like spin excitation has been proposed [29]. Apart from
the areas of strongly enhanced QP density there are also
regions with weak QP intensity which are located be-
tween FS sheets at kz=3.2 A˚
−1 and 2.95 A˚−1, (black cir-
cles in Fig. 4f, also marked in Fig. 4c). The origin of this
QP density is not understood, probably it is related to
interaction over an incommensurate nesting vector, pos-
sibly connecting the two Γ-centered FSs.
Lastly we mention that previous ARPES experiments
with fixed photon energies (viz. 7 eV [39, 40], 21.2 eV
[38], 29.5 eV [34], and 760 eV [44]) have revealed different
Fermi vectors. Some of these photon energies are indi-
cated in Fig. 4b and listed in Table I. We stress here that
the differences are in fact not mutually exclusive - since
they can be reconciled as a direct consequence of the 3D
FS of URu2Si2.
To conclude, using normal emission ARPES with tun-
able photon energies we have investigated the near FS
behavior in the HO phase of URu2Si2. Our study pro-
vides clear evidence that (i) the 5f electrons are in an
itinerant configuration, (ii) the FS has a strong 3D topol-
ogy, showing good agreement with DFT calculations. In
the HO state the FS appears folded over Q0=(0,0,1) and
a substantial amount of intensity is removed at EF along
the (1,1,0) directions in the kz=0 plane. (iii) The 3D
nature of the FS supports various scattering vectors that
have been measured with different photon energies. (iv)
Enhanced QP intensities indicate essential pairing of FS
states, particularly occurring at hot-spot lines. Our cen-
tral conclusion is that HO is characterized by a strongly
momentum dependent FS reconstruction.The FS removal
and associated QP states appear as a signature of pairing
of FS states on different parts of the Fermi surface that
are joined by nesting vectors.
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